The specific autophagic elimination of mitochondria (mitophagy) plays the role of quality control for this organelle. Deregulation of mitophagy leads to an increased number of damaged mitochondria and triggers cell death. The deterioration of mitophagy has been hypothesized to underlie the pathogenesis of several neurodegenerative diseases, most notably Parkinson disease. Although some of the biochemical and molecular mechanisms of mitochondrial quality control are described in detail, physiological or pathological triggers of mitophagy are still not fully characterized. Here we show that the induction of mitophagy by the mitochondrial uncoupler FCCP is independent of the effect of mitochondrial membrane potential but dependent on acidification of the cytosol by FCCP. The ionophore nigericin also reduces cytosolic pH and induces PINK1/PARKIN-dependent and -independent mitophagy. The increase of intracellular pH with monensin suppresses the effects of FCCP and nigericin on mitochondrial degradation. Thus, a change in intracellular pH is a regulator of mitochondrial quality control.
Continuous ATP production is essential for cell survival. Mitochondria are the major ATP producers in the cell; these are distributed throughout different tissues in varying amounts depending on energy demand. The number of mitochondria within cells is regulated by the balance between mitochondrial biogenesis (1) and the removal of damaged mitochondria. Furthermore, mitochondria also regulate cell death, which is triggered by release of intramitochondrial proteins (2) . Considering this, the removal of dysfunctional mitochondria is an important process for ensuring cell survival.
Damaged mitochondria, as well as other impaired organelles and proteins in cells are degraded by specific autophagy. Mitochondrial autophagy (mitophagy) 2 plays a role in the quality control of this organelle, whereas dysfunction in mitophagy can lead to an increase in the number of damaged mitochondria that can trigger the activation of cell death pathways (3, 4) . Over the last several years, a number of studies have provided substantial evidence showing the PINK1-Parkin pathway (familial forms of Parkinson disease caused by mutations in the genes encoding the PTEN (phosphatase and tensin homolog)-induced putative kinase-1 (PINK1) and Parkin E3 ubiquitin ligase) promotes mitophagy. PINK1 accumulates at the outer mitochondrial membrane of depolarized mitochondria, which recruits cytoplasmic Parkin to the damaged organelle. This results in the ubiquitination of mitofusins (Mfns) by Parkin, the engulfment of the dysfunctional mitochondria by autophagosomes, and subsequent mitophagy (5) (6) (7) (8) . In recent years, abnormal autophagy and mitophagy has been shown for toxininjured dopaminergic neurons as well as in all the major genetic models of Parkinson disease (PD), including ␣-synuclein, leucine-rich repeat kinase 2 (LRRK2), parkin, PTEN-induced kinase 1 (PINK1), and DJ-1 (9, 10) . Historically, mitophagy research focuses on the biochemical and molecular mechanisms of PD; however, very little is known of the physiological triggers of mitophagy. Currently, the methods used to activate mitophagy involve the treatment of cells with a high (10 M) concentration of the protonophore CCCP or FCCP (8, 11) , which uncouples oxidative phosphorylation from ATP production. This observation forms the basis for mitochondrial depolarization as a hypothesis for mitophagy initiation. Here we report that low FCCP concentration (1 M) induces a complete loss of mitochondrial membrane potential; however, it is unable to trigger mitophagy. This led us to investigate the effects of high (10 M) FCCP concentration. Here we show that FCCP changes intracellular pH, which induces mitophagy. Importantly, other physiological processes that induce mitophagy, such as hypoxia and starvation, also induce mild acidification of the cytosol (12) (13) (14) (15) (16) . Changes in intracellular pH activates autophagy (17, 18) .
To investigate the effect of the cytosolic changes on mitophagy we investigated the effect of FCCP and nigericin on pH cyt and how these changes promote the mitochondrial translocation to lysosomes. We found that acidification of cytosol caused by nigericin can trigger autophagy and mitophagy.
Experimental Procedures
Cell Culture-Stably overexpressing FLAG-Parkin SH-SY5Y neuroblastoma cells (kind gift from H. Ardley, Leeds Institute of Molecular Medicine, Ref. 19) were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 25 mM glucose and supplemented with 10% heat-inactivated fetal bovine serum (FBS) in a humidified chamber at 37°C with 5% CO 2 . For immunocytochemistry experiments, cells were plated onto glass coverslips. Cells were treated with the specified compound before harvesting the protein used for SDS-PAGE and Western blotting or immunocytochemistry.
Measurements of pH cyt -Cells were loaded for 30 min at room temperature with either 5 M 5-(and-6)-carboxyl SNARF-1 AM or BCECF AM (Molecular Probes) and 0.005% pluronic acid in a Hank's Balanced Salt Solution (HBSS) composed of (mM): 156 NaCl, 3 KCl, 1 MgSO 4 , 1.25 KH 2 PO 4 , 2 CaCl 2 , 10 glucose, and 10 HEPES; pH adjusted to 7.35 with NaOH.
Measurement of Mitochondrial Membrane Potential (⌬⌿ m )-Cells were loaded with rhodamine123 (Rh123; 1 g/ml; Molecular Probes) for 15 min. After loading, cells were washed five times prior to the experiment. Under these loading conditions, Rh123 is non-toxic and gives a reliable and reproducible measure of ⌬⌿ m through the dequenching of mitochondrial fluorescence. Rh123 was used in the dequench mode to measure ⌬⌿ m , and thus an increase in the Rh123 signal reflects mitochondrial depolarization.
For identification of mitochondrial and lysosomal localization, cells were loaded with 200 nM MitoTracker Green FM and 50 nM LysoTracker Red in HBSS for 30 min before experiment (including the treatment of cells with FCCP or nigericin).
Immunoblotting and Immunocytochemistry-Where indicated, cell lysates were fractionated to generate mitochondrialenriched fractions by centrifugation (see below) and prepared for SDS-PAGE and Western blotting (20) . Alternatively, cells were fixed for immunocytochemistry in a 4% PFA PBS solution for 10 min at room temperature (16) . Antibodies used were: anti-Pink1 (Novus Biologicals BC100 -494 1:1000), mouse anti-FLAG (Sigma F3165, 1:2,000), rabbit anti-FLAG (Sigma F7425, 1:5,000), anti-complex V␤ subunit (Abcam ab14730, 1:500), anti-Mfn1 (Abcam ab57602, 1:1,000 for WB), antiComplex V␣ (1:5,000, Abcam ab14730), HtrA2 (Cell Signaling, 1:4000) anti-LC3 (Novus NB100 -2220). The appropriate HRPconjugated (A0545 Sigma Anti-Rabbit IgG, A9044 Sigma AntiMouse IgG), and fluorescent (AlexaFluor 488 and 568 secondary antibodies from Invitrogen, 1:2000) secondary antibodies were used for detection of primary antibodies.
Confocal images were taken using a Zeiss 710 vis CLSM equipped with a META detection system and a 63ϫ oil immersion objective, and analyzed using Volocity image analysis software (PerkinElmer).
Mitochondrial-enriched Fractions by Centrifugation-Postculture cell treatment, growth medium was removed, and the cells were washed with ice-cold PBS. Fractionation buffer (10 mM Tris HCl, pH 7.4, 1 mM sodium EDTA, 250 mM sucrose) was added to the cells, then frozen at Ϫ80°C overnight. The following morning, cell lysates were thawed on ice and scraped into 1.7 ml Eppendorf tubes, triturated ϫ10 using a standard pipette until the sample was homogeneous, then frozen for a 2nd time at Ϫ80 o C for 1 h. After thawing on ice, the samples were centrifuged at 1500 ϫ g for 20 min to remove cell debris and unbroken cells. The supernatant was then centrifuged at 12,500 ϫ g for 20 min to collect the mitochondrial-enriched pellet. The cytoplasmic fraction is retained while the mitochondrial-enriched pellet is then washed two times in fractionation buffer (12,500 ϫ g, 10 min centrifugation steps) to remove cytoplasmic contaminants. The mitochondrial-enriched pellet is then reduced using LDS sample buffer (10 mM DTT), sonicated, and heated to 70°C for 10 min prior to SDS-PAGE and Western blotting.
Whole Cell Lysate Preparation-Post treatments, a lysis buffer containing 50 mM Tris, 0.1 mM EGTA, 1 mM EDTA, 0.27 M sucrose, 1% Triton-X with protease and phosphatase inhibitors was used to generate protein lysates.
Fluorescence Measurements-Fluorescence measurements were obtained with an epifluorescence inverted microscope equipped with a 20ϫ fluorite objective. BCECF was monitored in single cells using excitation light provided by a Xenon arc lamp, the beam passing through a monochromator centered sequentially at 440 and 490 nm (Cairn Research, Kent, UK). Emitted fluorescence light was reflected through a 515 nm long-pass filter to a cooled CCD camera (Retiga, QImaging, Canada). All imaging data were collected and analyzed using software from Andor (Belfast, UK). When [pH] c was measured with SNARF-1, a Leica TCS SP5 confocal system was used. SNARF fluorescence was excited at 514 nm with argon laser light. Fluorescence was collected at 550 -600 and 650 -700 nm for ratiometric [pH] c measurement every 10 s in the experiment. The SNARF-1 signal was calibrated according to the manufacturer's instructions.
Confocal images were obtained using Zeiss 710 or Leica TCS SP5 confocal microscopes both equipped with 40ϫ oil immersion objectives. The 488-nm argon laser line was used to excite MitoTracker Green fluorescence, which was measured between 505 and 530 nm. Illumination intensity was kept to a minimum (about 1% of laser output) to avoid phototoxicity and the pinhole set to give an optical slice of ϳ2 m. For LysoTracker Ted, the 543-nm Ne/He laser line was used with measurements above 650 nm. All data presented were obtained from at least 5 coverslips and 2-3 different cell preparations.
Statistical Analysis-Statistical analysis and exponential curve fitting were performed using Origin 8 (Microcal Software Inc., Northampton, MA) software. Results are expressed as means Ϯ S.E. PRIZM was used for the Western blot data, and these results are expressed as means Ϯ S.E., and the error bars are STD.
Results

High Concentrations of FCCP and Nigericin Reduce pH cyt -
High dose CCCP or FCCP (10 M) treatment of cells is the most common method for the activation of mitophagy. These treatments induce dissipation of mitochondrial membrane potential (⌬⌿ m ), and this effect is believed to be important for the initiation of PINK1 accumulation and the recruitment of Parkin for triggering mitophagy. Mitochondrial depolarization leads to disruption of energy metabolism that also could stimulate mitophagy (5) . Conversely, much smaller concentrations of uncoupler (0.5-1 M) can induce complete loss of ⌬⌿ m in the cells, and yet are unable to trigger mitophagy. The treatment of cells with protonophores CCCP and FCCP can also change intracellular pH because of their effect on H ϩ transport across the membrane, Ca 2ϩ transport, and ATP hydrolysis. Using SNARF-1 or BCECF as a fluorescent pH indicators, we found that the application of 10 M FCCP induced profound acidification of the cytosol of SH-SY5Y cells (Fig. 1, A and B) .
Importantly, smaller concentration of FCCP (1 M) also had an effect on [pH] c (FCCP compared with NH 4 Cl for calibration of [pH] c , Fig. 1B) . Calibration of the indicator shows that the treatment of cells with 1 M FCCP reduced the intracellular pH by 0.24 Ϯ 0.01; n ϭ 3 experiments, which is significantly smaller than the effect of 10 M FCCP (intracellular pH reduced by 0.86 Ϯ 0.027; n ϭ 4 experiments; Fig. 1, A and B) .
We then sought to determine whether this drop in pH, induced by FCCP, was responsible for the activation of mitophagy. To study the effect of pH on mitophagy, we used the K ϩ /H ϩ exchanger ionophore nigericin to reduce [pH] c and compared this to 10 M FCCP (Fig. 1C) . This compound is widely used for the calibration of intracellular pH changes, and here we compared effects of the nigericin and FCCP.
First, we studied the nigericin dose-dependent [pH] c changes and found that 3-10 M nigericin significantly reduced cytosolic pH in SH-SY5Y cells. Importantly, a subsequent application of FCCP (10 M) did not further change the [pH] c (Fig. 1C) . The dose-dependent curve effect of these two compounds shows that 6 M nigericin can induce comparable changes in [pH] c as 10 M FCCP (Fig. 1D) . We found long exposures of cells to 6 M nigericin can be toxic to cells; therefore, we used 3 or 6 M nigericin at various time points to study whether changes in [pH] c modulate mitophagy.
Nigericin Does Not Induce Profound Mitochondrial Depolarization-1 M FCCP is enough to produce a complete loss of ⌬⌿ m in neuroblastoma cell lines (n ϭ 5 experiments; Fig. 2A ).
Subsequent application of 10 M FCCP does not change the Rh123 fluorescence, suggesting the increase in FCCP concentration does not lead to a further decrease of ⌬⌿ m .
Application of 6 M nigericin induced small changes (ϳ15%, n ϭ 5 experiments) of mitochondrial membrane potential, whereas application of 10 M FCCP at the end of the experiment demonstrates complete depolarization (Fig. 2B) . Thus, there is no significant difference in the effect of 1 M compared with 10 M FCCP on ⌬⌿ m . Although 6 M nigericin induces a similar response as 10 M FCCP, with regard to pH changes, the effect of this ionophore on mitochondrial membrane potential was not significant.
The Sources of FCCP and Nigericin-induced pH Changes in Cytosol-FCCP or CCCP are redistributing H ϩ between membranes that reduce [pH] c . Therefore, the effect of the FCCP on mitophagy may be due to acidification of the cytosol or by the changing of pH by redistribution of protons (and pH) in the intracellular organelles. To identify the source of protons for pH changes under application of FCCP, we changed pH in the recording solution (HBSS) from 7.4 to 6.35 (Fig. 3A) . Interestingly, the change in extracellular pH did not significantly affect the FCCP-induced reduction of [pH] c (n ϭ 5 experiments; Fig.  3, A and B) suggesting the source of cytosolic acidification may be from an intracellular source. In contrast to FCCP, the incubation of cells with 3 M nigericin in the presence of reduced pH (6.35) in the medium induced a significant decrease in [pH] c (the effect reduced from 0.68 Ϯ 0.13 to 0.4 Ϯ 0.11 pH, n ϭ 8 experiments; Fig. 3B ) suggesting extracellular protons is the source of H ϩ ion during nigericin-induced acidification of cytosol.
Depolarization of mitochondria with FCCP can also affect the [pH] c . Co-application of inhibitor of complex I rotenone (5 M) and F 1 -F 0 -ATP synthase-oligomycin (2 g/ml) induced profound depolarization of the mitochondrial membrane and acidification of the cytosol, which is less than the effect of 1 M FCCP (Fig. 3C) . However, subsequent application of 10 M FCCP induced a further decrease in [pH] c suggesting that mitochondria had minor impact in FCCP-induced acidification in cytosol. In mitochondria with a damaged electron transport chain or in the presence of uncoupler, F 1 -F 0 -ATP synthase is working in reverse mode (21) that also can have effect on pH. Incubation of the cells with inhibitor of F 1 -F 0 -ATP synthase-oligomycin (2 g/ml) did not change the effects of 1 or 10 M FCCP on cytosolic pH (n ϭ 95, Fig. 3D ).
Inhibition of mitochondrial respiration with antimycin A (5 M, n ϭ 46) reduced the pH in cytosol and decreased the effect of 3 M nigericin (Fig. 3E) . Complete depolarization of mitochondria with 1 M FCCP reduced the effect of 3 M nigericin on pH cyt in SH-SY5Y cells (Fig. 3F) , suggesting that mitochondria contribute to nigericin-induced acidification of cytosol.
Uncoupling of oxidative phosphorylation with FCCP can trigger activation of glycolysis, which can also contribute to a change of [pH] c (22, 23) . We found that the inhibition of glycolysis with 50 M iodoacetic acid (IAA) decreases pH cyt but did not change the effect of 10 M FCCP on intracellular pH (n ϭ 5; Fig. 3G ), suggesting that glycolysis is not a trigger of alkalization of cytosolic pH under application of 10 M FCCP. Inhibitor of Na ϩ /H ϩ exchanger dimethyl amylorid (DMA) had no effect on cytosolic pH in two concentrations: 10 and 50 M (Fig. 3H) .
Within the cell lysosomes are a potential source of H ϩ (24); therefore, we assessed the possible contribution these organ- (Fig. 4, B and C) . These data suggest the redistribution of the H ϩ between mitochondria, lysosomes, and cytosol is responsible for the 10 M FCCP reduction of pH cyt , whereas the mechanism of nigericin reduction of pH cyt is predominantly dependent on the pH of extracellular medium.
The pH-induced Mitophagy Is PINK1/PARKIN-independent after a 2-h Application-For estimation of the effect of acidification of cytosol on PINK1/PARKIN-dependent mitophagy, we treated FLAG-Parkin SH-SY5Y neuroblastoma cells with either 1 M nigericin, 1 M FCCP, 10 M FCCP, or DMSO control for 2 h prior to cell lysate fractionation (mitochondria enrichment) and SDS-PAGE followed by Western blotting or immunocytochemistry.
We found that 10 M FCCP induces PINK1 accumulation, FLAG-Parkin, and optineurin recruitment to the mitochondria, degradation of mitofusin 1, and increase in Tom20 ubiquination in enriched mitochondria fractions, signifying the induction of mitophagy (Fig. 5, A and B) and autophagosome formation because FCCP also induced accumulation of LC3-II in the mitochondrial-enriched fractions. Conversely, while nigericin induced LC3-II recruitment to the mitochondrial-enriched fractions, this was independent of PINK1 accumulation and FLAG-Parkin recruitment.
Immunocytochemistry images also confirm that in contrast to 10 M FCCP, incubation of the cells with 1 M nigericin did not induce Parkin (FLAG) recruitment to mitochondria (HtrA2) but disrupted mitochondrial networks (Fig. 5C) .
Thus, mitophagy triggered by short (2 h) pH changes is induced by alternatives to the PINK1/PARKIN pathway. A 24-h incubation of FLAG-Parkin SHSY5Y neuroblastoma cells with either 1 M nigericin or 1 or 10 M FCCP prior to Immunocytochemistry images also confirm that in contrast to short applications, 24-h acidification of the cells with 10 M A, mitochondrial-enriched fractions were separated on SDS-PAGE gels and Western blotted for mitochondria (CV, TOM20, COXII, TIM23), and mitophagy pathway (PINK1, FLAG-Parkin, optineurin, and mitofusin). Representative Western blots from n ϭ 3 independent experiments. Significance was determined using ANOVA (Dunnetts Multiple comparisons) *, p ϭ 0.05; **, p ϭ 0.01 with CV is used as a loading control. C, immunocytochemistry images show a diffuse Parkin (anti-FLAG, red) pattern and a network of mitochondria (anti-HtrA2, green) in control cells. Upon incubation of 10 M FCCP, Parkin (FLAG) is recruited to mitochondria (HtrA2), indicated by yellow co-localization, which disrupts mitochondrial networks. This process is absent in nigericin-treated cells.
FCCP or 5 M nigericin induced Parkin (FLAG) recruitment to mitochondria (CV) (Fig. 6C) .
Intracellular Acidification Induces Mitophagy-To identify the mitochondrial degradation independent of any specific pathway, we tracked the transport of mitochondria labeled with MitoTracker Green to lysosomes labeled with LysoTracker Red (Fig. 7A) . The 30-min incubation of SH-SY5Y cells with 10 M FCCP increased the percentage of mitochondria co-localization with lysosomes by 50 Ϯ 4% (n ϭ 10 experiments) compared to 1 M FCCP, whose effect was insignificant (Fig. 7, B and C). Conversely 1 M nigericin (n ϭ 5 experiments) had a minimal effect on mitophagy, while 3 M (n ϭ 7 experiments) or 6 M, (n ϭ 10 experiments) increased co-localization of MitoTracker and LysoTracker to 48.7 Ϯ 6.7% and 75 Ϯ 2.4%, respectively (Fig. 7, D-C) . Na ϩ /H ϩ ionophore monensin A (10 M) can successfully restore pH in cytosol after application of nigericin (3 M, n ϭ 4 experiments) or FCCP (10 M, n ϭ 3 experiments) (Fig. 7C) .
Recovery of pH in SHSY5Y cells by 10 M monensin after a 3-min application of 10 M FCCP or 3 M nigericin was protective against nigericin-induced mitophagy by a much lower degree than its effect on FCCP-induced relocation of mitochondria to lysosomes (Fig. 7D) . It also should be noted that the inhibitor of Na ϩ /H ϩ exchanger DMA had no effect on co-localization of mitochondria and lysosomes (Fig. 7D) . Thus, restoration of intracellular pH can be protective against pH-dependent mitophagy.
Discussion
Mitochondrial quality control involves a variety of cellular pathways regulating mitochondrial degradation, ensuring the functionality of these organelles during the lifetime of the cell. Several activators of mitophagy have been suggested (5, 26 -28 ). Here we demonstrate the acidification of intracellular pH can also stimulate mitophagy; however this is indepen- dent from the canonical PINK1/Parkin pathway after short treatment.
Within this study, we show 1 M FCCP causes complete depolarization of mitochondrial membrane, modest decreases in pH cyt , and almost no activation of PINK1/Parkin-dependent mitophagy. Conversely, 10 M FCCP has a more profound effect on intracellular pH that also activates mitochondrial degradation. These data suggest complete mitochondrial depolarization is not a major trigger for mitophagy and that a change in [pH] c may contribute to this mechanism. Induction of mitophagy with the alternative compound nigericin, which induces significant acidification of cytosol but does not induce mitochondrial depolarization, suggesting that a decrease in pH cyt can be a stimulus for relocation of mitochondria to lysosomes. The role of carboxylic ionophores (including nigericin and monensin) in lysosomal protein degradation was shown previously, and interestingly monensin inhibited autophagy (29) . Thus, monensin and nigericin produced opposite effects on pH and on autophagy and mitophagy that again, suggests the effect of intracellular pH on mitochondrial and protein degradation in lysosome acidification is to inhibit this process.
The source of cytosolic acidification is important for initiation and mechanism of mitophagy. FCCP induces an acidification of cytosol via the redistribution of H ϩ from mitochondria and lysosomes, while nigericin, does so from the extracellular medium, mitochondria, and a small contribution from lysosomes. As a result, 10 M FCCP induces a PINK1/Parkin-dependent and independent mitophagy and nigericin induces translocation of mitochondria to lysosomes through PINK1 Parkin-dependent and independent mechanisms.
The inhibitory effects of monensin on nigericin and partially on FCCP-induced mitophagy is more likely to be due to the ability of this ionophore to increase pH that can quench effects of nigericin and FCCP on intracellular pH.
The activation of PINK1 Parkin-independent mitophagy by alkalization can be induced by activation of the LC3-related mechanism shown for AMBRA1 or ubiquitin kinase PINK1 (28, 30, 31) .
Intracellular pH changes are typical for many processes, such as starvation (12) and ischemia (13) , and importantly many of them are known to be activators of mitophagy (17) .
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